The mechanical behavior of cubic γ -nanoparticles is investigated in uniaxial compression. These nanoparticles are freestanding, single crystalline and have a well-defined crystallography related to the cubic geometry (cube faces correspond to the crystallographic {100}-planes). The true values of stress and strain were measured and evaluated. With a true strength of about 3000 MPa to 5000 MPa the nanoobjects reach a significant portion of the theoretical strength. Even after a true strain of about one, no signs of particle damage are observed.
Introduction
The utilization of microscopically small components in mechanically loaded microsystems requires (i) development of suitable fabrication processes on the micro-and nanoscale, see, for example, Hoxhold and Büttgenbach [1] and Landefeld and Rösler [2] as well as (ii) understanding of the mechanical behavior at reduced dimensions, see for example, [3] [4] [5] [6] [7] . One way to obtain freestanding metallic components on the nanoscale is to extract precipitates from alloys and deform them between microhammer and microanvil in the scanning electron microscope (SEM). This so-called nanoforging process was first described by Rösler et al. [8] , using cube-shaped γ -particles which were extracted from Ni-based superalloys. The purpose of this study is to investigate the flow behavior of these γ -nanoparticles for the following reasons. Firstly, understanding the flow strength and the deformability is of crucial importance for control and optimization of the nanoforging process. Secondly, the strength of the nanoforged γ -particles has to be known if they are to be used in mechanically loaded microdevices and the strength is also of interest with regard to the common destination of γ -particles as hardening phase in Ni-base superalloys. Thirdly, there is fundamental interest in the mechanical behavior of metallic materials on the nanoscale as mentioned above and deformation experiments on γparticles are particularly attractive for the following reasons. Compared to micro-and nanopillars, see for example, [5, 9] , the γ -particles are freestanding, thus avoiding constraints by attachment to a substrate. Furthermore, the electrochemical extraction process as described in [10, 11] does not lead to surface damage and TEM investigations have confirmed that the particles are essentially defect-free [12] . Compared to deformation experiments on gold particles [3, 4] , the benefit is that the stress field in the cube-shaped particles is more uniform on compression, so that stress gradients are less influential.
Results and Discussion
First of all Schloesser et al. [13] studied the deformation behavior of γ -particles, extracted from Ni-base superalloys. However, the experimental setup used was optimized for the forging process rather than for precise measurement of the stress-strain response, thus limiting the accuracy of the results. Further research on compression of γ was also done by Maaß et al. [14] . They compared the stress and displacement of as-extracted γ -particles with particles irradiated by focused ion beam. In this study, the deformation behavior of cube-shaped γ -particles extracted from the superalloy CMSX-4 [15] was investigated using a Hysitron SEM-Picoindenter with a boron-doped-flat punch diamond tip and a Si wafer as substrate. To observe and document the deformation process at the same time, the indenter was placed in a Hitachi S-4800 SEM equipped with a cold field emission gun. The compression of the nanoparticles was conducted with a loading rate of 2 μN/s, followed by fast load release. Because of uneven surfaces and setting during contact, the stress-strain-response from 0 kN to 100 kN was back-extrapolated using the linear slope of the stress-straincurve in the range from 100 kN to 150 kN. For compression testing, the assembly of Indenter and Si-substrate is tilted such that loading axis and direction of the electron beam are at an angle of 80 • . Prior to each compression test, the height h 0 and cross-sectional area A 0 of each γ -particle were measured (see Figures 1(a) and 1(b)). Care was taken to only select particles with nearly cubic shape (see Figures 1(a) and 1(b)). While testing, no significant plastic deformation of punch and substrate was observed or is soluble with a coldfield emission SEM. The true stress is plotted in Figure 2 versus the true strain for the conducted experiments. All curves are characterized by linear elastic behavior up to a yield strength of about 3000 to 5000 MPa (see Table 1 ). With Schmid-factor S = 0.408 for slip along {111} 101 -type slip systems, a critical resolves shear stresses of about 1200 MPa to 2000 MPa at the onset of plastic deformation results ( [17] . Thus onset occurs when the critical resolved shear stress reaches about 2% to 3% of the shear modulus (Table 1) , which is a significant portion of the theoretical strength. Once the yield strength is reached and plastic deformation sets in, the flow strength drops (see Video S1). Only after large deformations is the load high enough again (due to the increased cross-sectional area) for the load-controlled deformation process to become stable again. After some further load increase, the samples were unloaded and the elastic strain recovered (Figure 2) . A similiar behavior is observed in Mook et al. [3] for facetted Au-particles. Fundamentally, the stress-strain behavior is as reported in [13] . However, the more precise data obtained here show clearly that the material response up to the peak stress is merely elastic, whereas the data in [13] suggested prior plastic deformation. Once the peak stress, that is the yield point, is reached and plastic deformation sets in, the flow strength of the γ -particle drops dramatically. Consequently, the particle collapses unstably during the load-controlled experiment, leading to a large strain burst (see Figure 2 and Video S1). Its deformation rate during this strain burst is far too high to monitor an image of the deforming particle in the SEM. The aspect ratio of the cross-section is similar before and after the strain burst. Please note that the view of the compressed particle in Figure 1(d) is slightly tilted because the particle was stripped at the edge of the Si-substrate after compression testing. Clearly visible on the particle surface are parallel slip lines (Figures 1(c) and 1(d) ). In this study, the true values of stress and strain were determined. The engineering stresses are higher and almost in accordance with the main value of the yield stress measured by Maaß et al. [14] on γ -particles.
From these findings, we deduce the following sequence of events during loading of the γ -particles. Initially, the tested γ -particles were without mobile defects and were most likely dislocation-free which is in accordance with the findings in [12] , so that solely elastic behavior results up to a very high stress level. Once the yield point is reached on compression, the stresses are sufficiently high for dislocation nucleation from the particle surface to take place. As soon as the first dislocation is nucleated, it is driven through the entire crystal by the resolved shear stress, leaving a surface step behind. This step is facilitating the nucleation of the next dislocations, so that the dislocation nucleation rate is drastically increasing and an avalanche-like deformation process sets in. As the deformation process is continuing and the aspect ratio of the particle is decreasing, deformation of the particle can no longer be supported by slip on one (or a few) slip plane(s) for geometric reasons, so that more and more slip systems have to be activated, leading to strain hardening and the generation of back stresses. Furthermore, the true stress is decreasing due to an increasing crosssectional area. Both factors counter dislocation nucleation so that the strain burst comes to an end after a certain amount of strain.
Qualitatively speaking, the observed deformation behavior is analogous to that of whiskers [18] and micropillars prepared by electrochemical etching [19] , which is also the method used here to extract the γ -particles from the superalloy. Salient features are a yield strength close to the theoretical strength, followed by plastic deformation at vastly reduced stress levels. Presumably, they are characteristic for initially dislocation-and defect-free specimens. In contrast, deformation experiments performed on micropillars produced by focused ion beam milling show different characteristics, namely, a multitude of smaller strain bursts starting at significantly lower stress levels and a steady increase of the flow strength to a plateau value (except for limited stress drops associated with the strain bursts). As mentioned previously [14, 19] , this difference in the stress-strain response is likely a consequence of FIB-induced surface defects. It stands to reason that these defects facilitate dislocation nucleation, thus leading to onset of plastic deformation at reduced stress levels and a sequence of strain bursts as different dislocation sources are activated at different stress levels. Finally, we come back to the issue of nanoforging. Firstly, it is noticed that the true compressive stress after the strain burst has stopped is similar for all investigated particles. The true stress is on the order of 2000 MPa. Even though it is difficult to determine the exact flow strength of the deformed γ -particles from that number because their pancake-like shapes lead to significant friction forces, their flow strength is apparently still very high. Secondly, a striking result is the excellent deformability of the γ -particles at ambient temperature despite of their high flow strength. Even after a true strain of about one, no signs of particle damage are observed. This combination of strength and deformability is unmatched in the macroscopic world. The reason is that the γ -raw stock used for the forging process is defect-free because of its dimension on the nanoscale while defects such as pores or hard inclusions cannot be entirely avoided in the macroscopic world. Thus, the data obtained here demonstrate a distinct advantage in terms of strength and deformability when the forging technology is extended from the macroscopic to the microscopic world, which makes nanoforging particularly attractive.
